1. Introduction {#sec1}
===============

Structural color, a special source of colors in nature, is always vibrant and fascinating. Unlike common pigments or dyes that produce colors by molecules' absorbing light or luminous compounds, structural colors arise through the light reflection from their complex and characteristic nanostructures, which have been widely found in natural creatures, such as peacock feathers, butterfly wings, and shells of some insects. While the pigments and dyes will degrade and fade overtime, those structural colors that rely merely on the inherent nanostructure of materials can persist a much longer time \[[@bib1], [@bib2], [@bib3]\]. Attracted by the unique features of structural colors, numerous researchers around the world have turned their attention to various methods to understand, mimic, and recreate these natural materials \[[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. Among diversified artificial structural color materials, the development of spherical ones plays a crucial role because their symmetry property could impart the structural color particles (SCPs) with independence of the detection angle and locations \[[@bib14],[@bib15]\]. In addition, by employing microfluidic technology into the generating process, the SCPs with excellent particle monodispersity, as well as diverse components and morphologies, can be obtained \[[@bib16], [@bib17], [@bib18], [@bib19]\]. These SCPs are promising in various application fields like sensing, detecting, barcoding, and anti-counterfeiting \[[@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25]\]. Although great progress has been achieved in the spherical structural color materials, there are still some limitations need to be mentioned and overcome, such as the insufficient color brightness arisen from the incoherent scattering. Also, it often requires complicated modifications and operations to impart these SCPs with desired functions, which significantly limits their promotion and practical use. Thus, SCPs with excellent structural colors and inherent multiple functions are still urgently anticipated.

In this paper, inspired by melanosome-derived bright colors and super-adhesive mussels in nature, we present a new kind of SCPs assembled from polydopamine (PDA)-adhered multi-layer graphene oxide (GO) encapsulated silica nanoparticles (SNs), as illustrated in [Scheme 1](#sch1){ref-type="fig"}. GO, as a famous kind of graphene derivatives or related materials, has been widely utilized in various fields, such as electronics, biology, chemistry, medicine, and optics. GO has exhibited many remarkable properties, including extensive sources and accessibility, high surface area and refractive index, good dispersibility in water and organic solvents, unique photothermal effect, and abundant oxygen-containing functional groups (like epoxy and hydroxyl groups) on the surface \[[@bib26], [@bib27], [@bib28], [@bib29]\]. Besides, PDA is a main component of the self-produced adhesive protein of mussels that essentially contributes to their super-adhesivity, and it is often employed to optimize the materials' adhesivity and combine different molecules or substances \[[@bib30], [@bib31], [@bib32], [@bib33]\].Scheme 1The schematic of the modification process of the multi-layer PDA and GO encapsulated SNs, followed with the generation process of the modified-nanoparticle-derived SCPs.Scheme 1

Thus, it is conceivable that through the integration of PDA and GO, the multi-layer GO encapsulated SNs and their assembled novel SCPs will be readily achieved. As the elementary nanoparticles are encapsulated by GO layers, these particles are endowed with higher refractive index and broadband light absorption, therefore enhancing the color saturation and brightness of their derived SCPs. This phenomenon is similar with that the feathers of specific birds display extremely bright colors due to the melanosomes existed in their microstructures \[[@bib34],[@bib35]\]. In addition, owing to the functional groups of GO, the generated SCPs can be easily functionalized without further complex modifications, which greatly simplifies the practical operation processes. Moreover, in our system, introducing the dopamine can not only implement the robust combination of GO and SNs, but also contribute to the enhancement of color saturation since the dark color of PDA. To summarize, the specific SCPs derived from the multi-layer GO encapsulated nanoparticles that we demonstrate here definitely possess brilliant structural color and multiple functions, thereby indicating versatile application prospects of the designed SCPs.

2. Experimental section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

The silica nanoparticles (SNs) were bought from Nanjing Dongjian Biological Technology Co., Ltd. Graphene oxide (GO) dispersion solution (XF224-1, 0.5 mg/mL) was purchased from Nanjing XFNANO Materials Tech. Co., Ltd. Dopamine (DA) hydrochloride and tris base were purchased from Sigma Aldrich Co. Hydrochloric acid (HCl), ethanol absolute, and n-hexane were purchased from Sinopharm Chemical Reagent Co., Ltd. Dimethyl silicone oil was bought from Nanjing Wanqing Co. Ltd. The oligonucleotide sequences purified by high-performance liquid chromatography were obtained from Thermo Fisher Scientific Co., Ltd (Shanghai, China). The phosphate buffered saline (PBS) buffer was prepared in our lab. Deionized water with a resistivity of 18.2 MΩ cm^−1^ was obtained from a Millipore Milli-Q system and it was used during the whole work. All the chemical reagents were of the best grade available and used as received. The purity of the employed chemical reagents was all analytically pure.

2.2. Synthesis of the GO and PDA encapsulated multi-layer SNs {#sec2.2}
-------------------------------------------------------------

The SNs with the sizes of 263, 230, and 193 nm were chosen in this experiment. The original SNs were thoroughly washed by deionized water through 6800 rpm centrifugation. After being washed, the original SNs were prepared into aqueous dispersion at the concentration of 0.1 g/mL (1) Then the SNs were introduced into an alkaline reaction environment (pH = 8.5) for PDA encapsulating. The dopamine hydrochloride aqueous solution was prepared at the concentration of 13.3 mg/mL. The total volume of the reaction system was 10 mL, which consisted of 1.5 mL prepared dopamine hydrochloride aqueous solution (13.3 mg/mL, the total mass of dopamine in the reaction system was 20 mg to ensure the thickness of PDA layer), 2.03 mL original SNs aqueous dispersion (0.1 g/mL), 5 mL tris base (0.1 mol/L), and 1.47 mL HCl (0.1 mol/L). The encapsulating reaction was carried out in a glass container with continuously stirring for 6 h. Then the system was centrifuged at 6800 rpm for 10 min to remove the reaction residuals. After removing the supernatant, the remaining SNs were coated with PDA layers. (2) The remaining PDA-encapsulated SNs were resuspended by GO dispersion. The resuspension was poured into a glass container and stirred for 6 h to accomplish the GO encapsulating reaction. Due to the adhesivity of PDA layers, the GO layers were able to encapsulate the SNs. Then the system was also centrifuged with 6800 rpm for 10 min to remove the reaction residuals. Through repeating step (1) and step (2) sequentially, the SNs with multiple PDA and GO layers were obtained.

2.3. Generation of SCPs from the designed multi-layer nanoparticles {#sec2.3}
-------------------------------------------------------------------

We used microfluidic technology to generate the SCPs. The aqueous dispersion of the designed PDA and GO encapsulated multi-layer SNs was employed as the dispersed phase, and the silicone oil (50 cs) was employed as the continuous phase. The concentration of the dispersed phase was 0.2 g/mL. The flow rates of the dispersed phase and continuous phase were 0.5 and 9 mL/h respectively. The dispersed phase would be sheared into droplets by the continuous phase at the orifice of the microfluidic device owing to the existence of fluid shear force. The formed droplets were collected in a plastic container filled with silicone oil (500 cs). Then the container was placed in an oven (75 °C) overnight to realize the self-assembly of the nanoparticles in the droplets. After finishing the solvent evaporation and self-assembly processes, the generated SCPs should be thoroughly washed by n-hexane in order to remove the residual silicone oil, since the silicone oil could be readily soluble in the n-hexane, and the n-hexane would not remain in the SCPs after its thorough evaporation.

2.4. Classical sandwich method for nucleic acid detection through generated SCPs {#sec2.4}
--------------------------------------------------------------------------------

The generated SCPs were thoroughly washed by PBS buffer. The original concentration of the oligonucleotide sequences was all 100 μM. The sequences used in this part was demonstrated in [Table S1](#appsec1){ref-type="sec"}. The probes were tenfold diluted, and the targets and labels were hundredfold diluted. First, the SCPs were incubated with the probe solution for 6 h with continuously stirring. Then, after washing by PBS buffer, the probe-linked SCPs were incubated with target and label solution for 1 h with continuously stirring. Finally, the SCPs were washed by PBS buffer.

2.5. Hybridization chain reaction (HCR) amplification method for nucleic acid detection through generated SCPs {#sec2.5}
--------------------------------------------------------------------------------------------------------------

The generated SCPs were thoroughly washed by PBS buffer. The original concentration of the oligonucleotide sequences was all 100 μM. The sequences used in this part was demonstrated in [Table S2](#appsec1){ref-type="sec"}. The probe 1 and H1 & H2 were tenfold diluted, the target 1 and initiator 1 were hundredfold diluted. First, the SCPs were incubated with the probe 1 solution for 6 h with continuously stirring. Then, after washing by PBS buffer, the probe-linked SCPs were incubated with target 1 and initiator 1 solution for 1 h with continuously stirring. After washing by PBS buffer, the SCPs were then incubated with H1 & H2 for 1 h with continuously stirring. Finally, the SCPs were washed by PBS buffer.

2.6. Multiplexed nucleic acid detection through generated SCPs {#sec2.6}
--------------------------------------------------------------

The generated SCPs with three different colors (red, green, and blue) were used in this section and the detailed information of the employed oligonucleotide sequences were demonstrated in [Table S2](#appsec1){ref-type="sec"}. The SCPs with red, green, and blue structural colors were coupled with probe 1, probe 2, and probe 3, respectively. The coupling method was the same as the last part (HCR amplification method). Then the specific experiments were divided into three groups. In the reaction system of group 1, three kinds of probe-coupled SCPs were incubated with target 1 and initiator 1. In the reaction system of group 2, three kinds of probe-coupled SCPs were incubated with target 2 and initiator 2. In the reaction system of group 3, three kinds of probe-coupled SCPs were incubated with target 3 and initiator 3. After incubating with targets and initiators, FAM labeled H1 and H2 were used to amplify the fluorescent signals. The specific incubation methods were the same as the last experimental section.

2.7. Characterization {#sec2.7}
---------------------

The microstructures of the different kinds of nanoparticles were observed by a transmission electron microscope (JEOL, JEM-2100). The microstructures of the derived SCPs were observed by a scanning electron microscope (Hitachi S--300 N). The optical images of the generated SCPs were captured by a stereomicroscope (NOVEL NTB-3A, Ningbo Yongxin Optics Co., Ltd., China) equipped with a color CCD camera (Media Cybernetics Evolution MP 5.0 RTV). The reflection spectra of the generated SCPs were obtained through an optical microscope (Olympus BX51) equipped with a fiberoptic spectrometer (Ocean Optics QE65000). The fluorescent intensity curves were obtained through a fluorescent microscope (Olympus, CKX41) equipped with a fiberoptic spectrometer (Ocean Optics QE65000). The fluorescent images were captured by a stereoscopic microscope (Olympus, SZX16) equipped with the camera under a mercury lamp (Olympus, U-RFL-T) and a halogen lamp (Olympus, LG-PS2).

3. Results and discussion {#sec3}
=========================

In a typical experiment, the multi-layer SNs were first prepared. The unmodified SNs were originally coated with a PDA layer through the polymerization process of dopamine monomers. Then, due to the super adhesivity of PDA, the GO layer could be easily adhered onto the nanoparticles, as shown in [Fig. 1](#fig1){ref-type="fig"}a--c and [S1](#appsec1){ref-type="sec"}. The transmission electron microscope (TEM) images demonstrated that after the modification process, the SNs with smooth surface were successfully encapsulated by the rough GO layer. In addition, through repeating the preceding steps, SNs coated by a larger amount of GO were obtained, and [Fig. S1](#appsec1){ref-type="sec"} showed the comparison between the multi-layer SNs with different amount of GO encapsulated. After the generation of the elementary multi-layer SNs, these nanoparticles were employed to fabricate specific SCPs through microfluidic technology. We used the aqueous dispersion of the prepared multi-layer SNs as the dispersed phase, and silicone oil (50 cs) for the continuous phase. The droplets containing abundant nanoparticles were generated through the fluid shear force, and these multi-layer nanoparticles could be finally self-assembled into the SCPs after solvent evaporation process. It was found that these SCPs had excellent sphericity and monodispersity, since the coefficient of variation (CV) value, i.e. the ratio of the standard deviation to the mean, was only calculated to be 1.54%, which was much lower than 5% (the common CV value for representing good monodispersity) and thus confirmed the favorable uniformity of the particles ([Fig. S2](#appsec1){ref-type="sec"}). The microstructures of the resultant SCPs were also characterized by a scanning electron microscope (SEM), and the SEM images showed that both of the surface and interior of the SCPs had ordered hexagonal-close-packing structure, as shown in [Fig. 1](#fig1){ref-type="fig"}d--f and [S1](#appsec1){ref-type="sec"}, which indicated the exquisite assembly of the nanoparticles.Fig. 1(a--c) TEM images of unmodified SNs (a), PDA encapsulated SNs (b), and GO and PDA encapsulated SNs (c); (d--f) SEM images of the single resultant SCP (d), surface microstructure of the resultant SCP (e), and interior microstructure of the resultant SCP. The scale bars are 100 nm in (a)--(c), 100 μm in (d), 1 μm in (e), and 2 μm in (f).Fig. 1

Because of this special hexagonal-close-packing structure, the generated SCPs were endowed with typical photonic band gaps (PBGs). The existence of these PBGs can result in the location and reflection of lights with certain wavelengths rather than the light propagation across the materials. Thus, the generated SCPs derived from the multi-layer nanoparticles displayed vivid structural colors, as shown in [Fig. 2](#fig2){ref-type="fig"}a--c. We also compared these SCPs derived from modified nanoparticles with the ones from primal nanoparticles, and the microscope images depicted that the former kind of SCPs showed brighter and more vivid structural colors, while the latter had paler and dim colors ([Fig. 2](#fig2){ref-type="fig"}d--f). This phenomenon could be ascribed to the PDA and GO layers of the modified SNs. Inspired by that some kind of birds\' feathers possess bright colors, the GO and PDA layers could serve as the dark elements resembling the melanosomes in feathers, which greatly increased the refractive index and broadband light absorption of the nanoparticles, thus ultimately improving the color saturation of the SCPs. We demonstrated the SCPs with three different colors (red, green, and blue), which were assembled from modified nanoparticles with 263, 230, and 193 nm silica cores respectively. According to the Bragg\'s equation (λ = 1.633dn~average~, in which d is the center-to-center distance between nearest nanoparticles/nanovoids and n~average~ is the average refractive index of the materials), with the increasing diameter of the elementary nanoparticles, the reflection peak position of their derived microparticles will be red-shifted correspondingly. Therefore, it could be inferred that the reflection peak position of the SCPs generated from the multi-layer nanoparticles would red shift compared with the ones from the unmodified nanoparticles with the same silica cores, since the existence of the PDA and GO layers would enlarge the nanoparticles diameter. The reflection peak images showed in [Fig. S3](#appsec1){ref-type="sec"} just confirmed this inference. In addition, the reflection intensity of the SCPs derived from the multi-layer nanoparticles was relatively lower than the ones from the unmodified nanoparticles, due to the lights absorption of the PDA and GO layers.Fig. 2(a--c) SCPs derived from the designed multi-layer PDA and GO encapsulated SNs with red (a), green (b), and blue (c) structural colors; (d--f) SCPs derived from the unmodified SNs with red (d), green (e), and blue (f) structural colors. The scale bars are 200 μm in (a)--(b) and (d)--(e), and 300 μm in (c) and (f). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

As mentioned above, GO has abundant epoxy groups which can be coupled with the amino groups under room temperature. Also, owing to the typical π−π stacking interaction of GO, it can easily bind with biomolecules \[[@bib36],[@bib37]\]. Hence, in this work, GO could not only serve as the dark element to improve the color saturation, but also could be employed as a connecting bridge between the SCPs and other biomolecules, thereby providing great convenience for the biomolecular detections. Therefore, we used the designed SCPs for conducting nucleic acid detection. Two different detection strategies were compared in this part, the classical sandwich method and the hybridization chain reaction (HCR) amplification method. In both strategies, the amino-modified detection probes were first bound with the SCPs because of the GO in the particles. Due to the existing epoxy groups and π−π stacking interaction of GO, the probes could be successfully combined to the particles. Afterwards, applying the classical sandwich approach, the detection targets and FAM-decorated labels were introduced into the reaction system, and these three kinds of strands (probes, targets, and labels) could be bonded together based on the complementary base pairing rules (The specific nucleic acid sequence information was demonstrated in [Table S1](#appsec1){ref-type="sec"}). Although the fluorescent detection signal could be observed by a microscope, the signal intensity obtained by this method was extremely weak, which was not desirable for the nucleic acid detection. As a replacement, the second strategy, i.e. the HCR amplification method, was employed in the following nucleic acid detection. The schematic of the HCR amplification process was illustrated in [Fig. 3](#fig3){ref-type="fig"}a. After the combination of detection probes with the SCPs, the targets and initiators were introduced into the reaction system, in which the initiator was utilized for triggering the HCR process. Then the addition of two kinds of FAM-labeled hairpins (H1 and H2) would propagate this chain reaction through the hybridization events and finally form a long DNA strands with strong fluorescent signals. [Fig. 3](#fig3){ref-type="fig"}b showed a comparison of the detection results between these two strategies, and it was obvious that the HCR amplification method had a much stronger fluorescent signal, which was proved by both fluorescent images and the photoluminescence intensity curves. In addition, it is worth noting that since the nucleic acid coupling would not affect the structure and the average refractive index of the designed SCPs, the corresponding reflection spectra of these particles before and after the detection process would not obviously change, as shown in [Fig. S4](#appsec1){ref-type="sec"}.Fig. 3(a) The principle illustration of the HCR amplification method; (b) the photoluminescence (PL) intensity curves and fluorescent images of the SCPs before and after HCR amplification method. The scale bar is 200 μm.Fig. 3

After confirming the feasibility of the designed SCPs as the platform for nucleic acid detection, we also devoted to broadening their applications in multiplexed bioassays. The principle of the multiplexed nucleic acid analysis was illustrated in [Fig. 4](#fig4){ref-type="fig"}a. We selected SCPs with different structural colors as detection barcodes, and each kind of them was coupled with corresponding independent nucleic acid probes. These different kinds of barcodes would be placed in one reactor, and then the target sequences and initiators would be introduced into the reaction system. With the assistance of H1 and H2 for signal amplification, the target sequences could be recognized through comparing the optical and fluorescent images. Specifically, SCPs with red, green, and blue colors were chosen in the following experiment, and they were combined with nucleic acid probe 1, probe 2, and probe 3, respectively (The specific nucleic acid sequence information was demonstrated in [Table S2](#appsec1){ref-type="sec"}). These formed barcodes were divided into three groups (group 1, group 2, and group 3) and each group was responsible for detecting one kind of nucleic acid targets (target 1, target 2, and target 3). As shown in [Fig. 4](#fig4){ref-type="fig"}b--g, because only one kind of probes could be successfully paired with the introducing target sequences in each group (probe 1 loaded red barcodes paired with target 1, probe 2 loaded green barcodes paired with target 2, and probe 3 loaded blue barcodes paired with target 3), it was observed that only barcodes with single specific color exhibited strong fluorescent signals. The corresponding optical density (OD) value histogram was also consistent with these results ([Fig. S5](#appsec1){ref-type="sec"}). Besides, it is worth mentioning that owing to the formation mechanism and special characteristics of structural colors, the intrinsic colors of the barcodes could remain stable and constant during the whole detection process without any interference of the fluorescent signals or reaction environment, which demonstrated the effectivity and robustness of these SCPs as the nucleic acid detection barcodes. These results indicated the capacity of the designed SCPs for multiplexed bioassays, and these particles were confirmed to be an ideal platform due to their characteristic optical properties, stability, and feasible signal amplification through HCR.Fig. 4(a) The principle illustration of the multiplexed nucleic acid detection; (b--g) the optical and fluorescent images of the multiplexed detection results. (b) and (e) demonstrated the detection result of group 1; (c) and (f) demonstrated the detection result of group 2; (d) and (g) demonstrated the detection result of group 3. The scale bar is 500 μm.Fig. 4

4. Conclusion {#sec4}
=============

In conclusion, we have reported a kind of bioinspired SCPs generated from the multi-layer PDA and GO encapsulated SNs, which were capable for complicated multiplexed bioassays. The elementary multi-layer nanoparticles were formed through coating the silica nanocores with GO layers supporting by PDA\'s super-adhesivity. Then the SCPs were fabricated through microfluidics, followed with the self-assembly of the multi-layer nanoparticles during the solvent evaporation process. Compared with SCPs generated from conventional unmodified SNs, the resultant SCPs displayed higher saturation and brighter structural colors. In addition, due to the excellent properties of GO additives, i.e. the inherent functional groups and the typical π−π stacking interaction of GO which were beneficial for the binding of target biomolecules, the designed SCPs were imparted with more advanced functions, such as multiplexed nucleic acid detections. Moreover, owing to the robustness of intrinsic structural colors of the SCPs that cannot be affected by fluorescence or environmental factors, the detection process was stable and constant. These results indicated the promising prospects of the designed SCPs.
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